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An ultra-compact three-port photonic coupler is proposed on a glass substrate based upon a principle of
frustrated total internal reﬂection. A single slash shape narrow trench at the “T” intersection of two ion-
exchanged waveguides forms the coupler and is aligned 451 to the waveguides. The three-dimensional
ﬁnite difference time domain (FDTD) theory is used to simulate the parameterization of the coupler, such
as splitting ratios and efﬁciency versus trench widths, trench lengths, trench locations, and trench angles.
The waveguide model used in FDTD is based on an experimental condition of the K+–Na+ ion-exchange
process. A single-mode 6 μm wide glass waveguide at 1550 nm wavelength is fabricated through the
analysis of the effective index method. The numerical results show that the arbitrary splitting ratios may
be controlled by trench widths and trench angles. Comparing to Si, InP and GaAs materials, trench-based
coupler on glasses may readily achieve the manufacturability since the low index of glass waveguides
results in a wider trench opening. Taking advantage of low loss ion-exchanged waveguides, the high
efﬁciency and short interaction length photonic couplers have a great potential to be integrated for large
scale glass-based photonic circuits.
& 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
Comparing to semiconductor materials, glass-based integrated
photonics represent an alternative technological innovation that
provides many advantages such as low cost, excellent transparency,
high threshold to optical damage, and good mechanical rigidness [1].
A photonic coupler is a basic building block for optical integrated circ-
uits since it requires the splitting of light propagation down one single
waveguide into multiple waveguides and vice versa. Typical optical
couplers, such as adiabatically tapered Y-branch, directional type or
multimode interference structure [2–6], are either limited by a long
interaction length or large amounts of real estate. On the other hand,
the development of photonic integrated circuits needs more devices
capable of being integrated into the circuits for a high dense purpose.
Trench-based photonic couplers operating on frustrated total
internal reﬂection (FTIR) were ﬁrst demonstrated in 1987 [7]. The
miniature photonic coupler consists of a groove at the intersection
of two perpendicular AlGaAs/GaAs ridge waveguides. RecentlyB.V.
+86 10 67392503x822.
t.edu.cn (K. Liu).
Open access under CC BY-NC-ND licentrench-based couplers gradually emerge from the demand of large
scale photonic integrated circuitry due to small physical footprint.
FTIR has been studied in depth in the literature and is a well
understood phenomenon [8]. The behavior of FTIR was also
veriﬁed in an alumina dielectric waveguide in millimeter wave
regime [9]. Up to date these trench-based couplers have been
realized in different substrates, including silicon-on insulator [10],
GaAs–AlGaAs waveguides [11], and InP-based quantum well sub-
strates [12,13]. The phenomenon is similar to the effect of optical
tunneling. The ﬁeld of the evanescent wave penetrates into a
trench and reaches the opposite interface, forms the transmitted
light. The reﬂected light exhibits a small lateral Goos–Hänchen
shift and behaves as a total internal reﬂection wave.
In this work, an ultra-compact three-port trenched-based
photonic coupler is proposed on a glass substrate based upon a
principle of frustrated total internal reﬂection. A single-mode ion-
exchanged channel waveguide at 1550 nm wavelength is fabri-
cated and characterized through the analysis of the effective index
method. The three-dimensional (3D) ﬁnite difference time domain
(FDTD) theory is used to simulate the design parameters of the
coupler, such as splitting ratios and efﬁciency versus trench
widths, trench locations, and trench angles, etc. The waveguide
model used in FDTD is built from the experimental condition of
the K+–Na+ ion-exchange process. The numerical results for the
parameterization of the couplers are also given.se. 
Fig. 1 (a) Schematic of a three-port trench-based FTIR coupler on a glass substrate, W: trench width, L: trench length, θ: trench angle, and D: trench location, (b) FDTD
analysis of an air-ﬁlled trench 3dB FTIR coupler in single mode 6.0 μm wide K+–Na+ ion-exchanged waveguides.
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Fig. 2. Theoretical dispersion curves and measured effective indices of TE modes in
the slab waveguides at a wavelength of 1550 nm (T¼385 1C, t¼45 min to 2.5 h).
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Consider the case that includes two waveguides meeting a “T”
intersection. A deep trench is cut into the intersection and aligned
451 to both waveguides. The lower index of the trench than that of
the waveguide is assumed, and further it is low enough such that a
451 angle of incidence is totally internally reﬂecting through a
lateral Goos–Hänchen shift, the trench may act as a mirror. If the
trench is narrow enough that the exponentially decaying ﬁeld on
the far side of the interface has non-negligible strength when it is
incident upon the far side of the trench, the mirror will be partially
reﬂective and partially transmissive. Fig. 1(a) shows a schematic of
the three-port trench-based couplers on a glass substrate. A single
slash “/” shape trench located at the intersection of two ion-
exchanged waveguides forms the coupler. The trench parameters
are also labeled in the ﬁgure. For an air-ﬁlled trench, the critical
angle is approximate 41.51 with a substrate index of 1.50834.
Fig. 1(b) shows an equal power splitting through a FDTD analysis
of the three-port FTIR coupler with a 0.55 μmwide air-ﬁlled trench
for transverse electric (TE) polarized light.
3. Analysis of ion-exchanged waveguides used in the coupler
modeling
The trench-based couplers proposed here are realized in ion-
exchanged glass waveguides. Prior knowledge of the waveguides is
required for the coupler modeling. The method to fabricate glass-
based optical channel waveguides involves a conventional K+–Na+
ion-exchanged process. The index proﬁle of a channel waveguide
is expressed by [14]
nðx; yÞ ¼ ns þ Δnmaxexpðy2=d2yÞerf cðx=dxÞ; xZ0 ð1Þ
where ns is the substrate refractive index, x is the depth coordi-
nate, Δnmax is the maximum index change, dy is the half-width of
channel waveguide, and dx is the diffusion depth. The peak index
of the channel waveguide is given by nf ¼ ns þ Δnmax. In the case
of K+ ion-exchange slab waveguide, Eq. (1) shows that the
measured refractive index proﬁle of the slab waveguide may be
modeled by a complementary error function in the x direction. The
more general form by the use of Wentzel–Kramers–Brillouin
(WKB) approximation is written by [15],
2Vd
Z ξt
0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
erf cðξÞb
p
dξ¼ ð2mþ 3
2
Þπ ð2Þ
where ξ¼ x=dx, Vd is the normalized diffusion depth, and
Vd ¼ k0d
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2f n2s
q
 k0d
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2nsΔnmax
p
, the mode number m¼0, 1,
2,…, b is the normalized mode index, and b¼ ðn2ef fn2s Þ=ðn2f n2s Þ,here nef f is the effective indices of guided modes. Fig. 2 shows the
theoretical dispersion curves of TE modes for the slab waveguides at a
wavelength of 1550 nm.
In order to analyze an ion-exchanged channel waveguide, the
effective index method is used here [15]. The channel waveguide is
divided into a slab waveguide I with light conﬁnement in the
x direction and a slab waveguide II with light conﬁnement in
the y direction, as shown in Fig. 3. In the slab waveguide I, the
normalized mode index, bI , can be obtained graphically using the
dispersion curves in Fig. 2 at 1550 nm wavelength. Thus,
NI ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2s þ bIðn2f n2s Þ
q
ð3Þ
The normalized expression for an optical channel waveguide is
written as.
2VdII
Z ξt
0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
expðξ2ÞbII
q
dξ¼ ðmþ 1
2
Þπ ð4Þ
where VdII ¼ k0dy
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
N2I n2s
q
is the normalized frequency, and bII ¼
ðN2n2s Þ=ðN2I n2s Þ is the normalized mode index of the channel
waveguide.
Fig. 4 shows the dispersion curves of the ion-exchanged
channel waveguide for a ﬁxed waveguide width of 6.0 μm, and
the quasi-TE modes are illustrated. As the waveguide width is
Fig. 3. Analysis of an ion-exchanged channel waveguide using the effective index
method. (a) Channel waveguide, (b) Slab waveguide I and (c) Slab waveguide II.
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Fig. 4. Dispersion curves of the ion-exchanged channel waveguide at a wavelength
of 1550 nm. The normalized mode index bII is plotted as a function of waveguide
depths for a ﬁxed 6.0 μm wide waveguide.
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cated using various ion-exchanged time. The mode number may
change with the variation of the waveguide depth. For the case of a
waveguide width of 6.0 μm, the TE11 mode is only supported
within a certain depth range from 4 to 8 μm. Thus, the single mode
ion-exchanged channel waveguides are thereby designed using
these dispersion curves. The ion-exchange condition and the
waveguide parameters can be determined, and these parameters
may be further used in FDTD for the coupler modeling.4. Experiments
K+–Na+ ion-exchanged slab and channel waveguides were
fabricated on commercially available Schott IOG-1 glasses, respec-
tively. A piece of bulk glass substrate was immersed in KNO3molten salt for the formation of the slab waveguides. For the
optical channel waveguides, groups of 6 mm wide openings in
aluminum ﬁlm were delineated onto the glass surface using the
standard micro-fabrication process and the wet-chemical etching
method. The temperature of KNO3 molten salt bath at T¼385 1C
was stabilized to within 72 1C during the exchange process, and
the exchange time t ranged from 45 min to 2.5 h.
The index of glass substrate and the effective TE mode indices
of the ion-exchanged slab waveguides were measured using a
Metricon model 2010 prism coupler at λ¼632.8 nm/1550 nm
wavelength, respectively. Fig. 2 shows the excellent agreement
between the dispersion curves and the measured effective indices
of TE modes at 1550 nm wavelength. The index proﬁle is gener-
ated from these measured mode indices using an inverse WKB
method [16], and the diffusion depth at 1=e of Δnmax is deﬁned as
the effective waveguide depth.
Fig. 5 shows a photomicrograph of the top-view of the
waveguide array spaced 250 μm apart with a 100 magniﬁcation.
Inset (a) presents an image of one waveguide with 1000
magniﬁcation. The waveguide traces are clearly observed due to
the contrast of index difference. Inset (b) shows an atomic force
microscopy (AFM) image of a single mode 6.0 μm wide ion-
exchanged waveguide region, indicating the dent etched by the
K+–Na+ ion-exchange process.
The initial test of trench etching on IOG-1 glasses was
performed by using SF6/Ar-based inductively coupled plasma
(ICP) reactive ion etching system. The 100 nm Al metal layer acts
as an etching mask. Fig. 6 shows a micrograph of trench etching on
an ion-exchanged slab waveguide surface. The trench opening is
0.5 μm, and the etched trench depth of 0.2 μm is measured by
using an Ambios XP-2 step proﬁler. The similar work was pre-
sented for the deep reactive ion etching of borosilicate glass using
SF6/Ar plasmas in an ICP reactor [17]. The trench-based FTIR
coupler on a glass substrate is thus realizable. Further work is still
underway for the fabrication of a deeper trench.5. Simulation results of coupler and discussion
The waveguide segments of the coupler built in the FDTD
model is based on the K+–Na+ ion-exchange process. The index
proﬁle of the waveguides is given by Eq. (1), where dy¼3.0 μm,
dx¼4.0 μm, ns¼1.50834, Δnmax¼0.01 are experimentally deter-
mined. The simulation is performed using RSoft's FullWAVE™ Ver.
9.0, a commercial FDTD tool. The spatial grid size XYZ is 0.012 μm
for the computational domain. The width 0.12 μm of perfectly
matched layer serves as a boundary condition. The time step 0.005
is set to satisfy the Courant condition. As shown in Fig. 1(b), there
are two directions for the power outputs including transmission
and reﬂection. The output powers are normalized, monitored and
recorded.
The trench is ﬁlled with air (n¼1.0) for all the simulated cases,
and the input wavelength is ﬁxed at λ¼1550 nm. A theoretical
efﬁciency of the coupler is given by the power summation of the
two ports divided by an input power. Figs. 7 and 8 show the
3D-FDTD simulation results of the normalized power outputs from
transmission and reﬂection ports for TE/transverse magnetic (TM)
polarized light, respectively, as a function of trench width (W), and
the total efﬁciencies are also calculated. As expected, the trans-
mitted power decreases as the trench width increases, while the
reﬂected power grows. The total efﬁciency slightly decreases with
an increasing trench width, since out-of-plane divergence of the
unconﬁned light in the trench brings more loss [5]. The averaged
efﬁciency of 89.5% for TE polarization and 93.1% for TM
polarization are predicted by FDTD theory, respectively. Compar-
ison between Figs. 7 and 8 shows that the TM case has greater
Fig. 5. Photomicrograph of the top-view of waveguide array spaced 250 μm apart with a 100 magniﬁcation. Inset (a) an image of one waveguide with 1000
magniﬁcation, inset (b) AFM image of a single mode 6.0 μm wide ion-exchanged waveguide region.
Fig. 6. Micrograph of the shallow trench patterns etched using SF6/Ar plasma on
the surface of an ion-exchanged slab waveguide. The trench opening is 0.5 μm.
Fig. 7. 3D-FDTD simulations of splitting and efﬁciency of trench-based coupler for
TE polarized light. Trench length¼12.0 μm and trench angle¼451.
Fig. 8. 3D-FDTD simulations of splitting and efﬁciency of trench-based coupler for
TM polarized light. Trench length¼12.0 μm and trench angle¼451.
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the common trend of TM ﬁelds to have tighter dependence upon the
index ratio. A point of interest in both ﬁgures for couplers is the
width where the transmitted and reﬂected powers are equal to each
other. The width required for equal splitting with TM case is smaller
than that with TE case for the lower index trench region. For the TE
case the width is 0.55 μm, while the width is 0.38 μm for the TM
case. The trench width for a 3 dB coupler is polarization dependent.
However, a low birefringence optical waveguide may be used to
improve the factor. Comparing to Si, InP and GaAs materials, the low
index of glass waveguides results in a wider trench opening [9] and
further a lower aspect ratio of trench etching. That may readily
achieve an improved manufacturability of the devices. The trench
openings on Si or InP materials are usually in the nanoscale range of
22–90 nm for 50/50 splitting [10].
Fig. 9 plots the total efﬁciency of coupler as a function of trench
length for TE polarized light at a constant trench width of 0.55 μm. The
efﬁciency is increased as the trench length increases and reaches a
saturation value of 88.3% at the trench length LZ11.7 μm. The effective
footprint of the coupler is determined to be 68.5 μm2 by L2/2.
Fig. 9. 3D-FDTD simulations of the total efﬁciency as a function of trench length (L)
for TE polarized light. Trench width¼0.55 μm and trench angle¼451.
Fig. 10. 3D-FDTD simulations of splitting and efﬁciency of trench-based coupler as
a function of trench angles (θ) for TE polarized light. Trench width¼0.55 μm and
trench length¼12.0 μm.
Fig. 11. 3D-FDTD simulations of splitting and efﬁciency of trench-based coupler as
a function of trench location (D) for TE polarized light. Trench width¼0.55 μm,
trench length¼12.0 μm, and trench angle¼451.
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outside the ion-exchanged waveguides. These evanescent waves
traveling in the unconﬁned trench region thus contribute the total
powers in the waveguides. Fig. 10 shows the 3D-FDTD simulation
results of the normalized transmitted/reﬂected powers and the totalefﬁciency, as a function of trench angles for TE polarized light. The
trench angle is the center line of trench relative to the horizontal
waveguide, as shown in the inset. For a given trench width, transmis-
sion decreases and reﬂection increases as the trench angle increases.
The larger trench angle is equivalent to a larger incident angle of input
light. This leads to the evanescent wave decreased more rapidly in the
lower index trench. Since the efﬁciency keeps a constant value, the
trench angle may be used to adjust the spitting ratios of the coupler as
well. Fig. 11 simulates the normalized powers from two ports and the
total efﬁciency versus trench locations. The distance D is the center
line of the trench with respect to the intersection of the waveguide
centers. The transmitted power has constant values while the reﬂected
power shows slight variation on the trench locations. This is obvious
for the transmitted power since the parallel-shift trench always covers
the width of the vertical waveguide. On the contrary the small part of
reﬂected power is lost at the outside horizontal waveguide as the
trench shifts away from the intersection center. The similar results of
the efﬁciency of coupler versus trench lengths, the splitting and
efﬁciency as a function of trench angles, trench locations are also
obtained for TM polarized light.
Given the expense of fabricating optical devices, the numerical
modeling results of the coupler are desired for optical circuit
designers. Coupler transmission and reﬂection characteristics show
clear dependence on trench dimensions and trench angles. In
addition, a particular ﬁeld such as photonic signal processing may
beneﬁt from the trench-based couplers. For example, active optical
ﬁlters on an InP-based integrated circuit have been presented for
photonic channelizer applications [18]. The integrated ﬁlters are
based on a grid array of semiconductor optical ampliﬁers punctuated
by two- and four-port trench-based couplers.6. Conclusion
We have proposed and simulated an ultra-compact three-port
FTIR-based photonic coupler in K+–Na+ ion-exchanged glass wave-
guides. The waveguide model used in the 3D-FDTD theory is based
on the experimental condition of the K+–Na+ ion-exchange process.
Our simulation results show that the arbitrary splitting ratios may be
achieved through careful control of trench widths and trench angles.
The total efﬁciency in excess of 90% is predicted in a 68.5 μm2
footprint of the glass coupler. The coupler structure is advantageous
over existing designs due to its short interaction length, high
efﬁciency, low loss and small physical footprint. These ultra-
compact couplers make them a promising technology for large scale
glass-based planar photonic integrated circuits. Full validation of the
proposed coupler design may only be obtained through the experi-
mental characterization of a device. Further work is currently in
progress on the fabrication of these photonic couplers.Acknowledgments
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